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ABSTRACT
According to the Hall-Petch equation, the refinement of grains in metals increases the yield strength
of the material. Austenite grain size influences the fineness of microstructural constituents in the
ferrous alloys. It is well studied that cerium and titanium refine the austenite in steels and some gray
irons, but no studies have been done to systematically explore the effects of cerium and titanium
additions on austenite in ductile iron. This study sought to determine the effects of selected levels of
these elements on the grain size within ductile iron. A hypoeutectic iron was chosen for testing as
the proeutectic phase is austenite and effects of alloy additions on austenite can be studied directly.
Cerium additions in the amounts of 0.01 wt.% and 0.03 wt.% and titanium additions in the amounts
of 0.02 wt.% and 0.04 wt.% were tested. The effectiveness of each of these elements as
heterogeneous nuclei formers was determined using three methods: direct secondary dendrite arm
spacing measurement, liquidus undercooling and recalescence study, and tensile testing. The results
of the study showed that cerium refined the austenite effectively and the refinement improved as the
amount of cerium increased, although the elongation of the ductile iron was not decreased For
titanium, the dendrite arms showed significant refinement in faster cooling conditions but showed
coarsening in slower cooling conditions. The elongation was also slightly reduced with no
appreciable gain in strength. There are also signs that these additions negatively impacted the
graphite phase although the assessment of this mechanism is outside the scope of this study.
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CHAPTER 1
INTRODUCTION
1.1 Purpose of the Study
The purpose of this study is to improve the mechanical properties of ductile cast iron
through heterogeneous nucleation. Ductile iron, or spheroidal gray iron, is a type of cast iron
characterized by a spheroidal graphite phase that precipitates during solidification; this spheroidal
graphite maintains ductility in the material higher than the flakes in gray cast iron (D. M. Stefanescu
2017a). Ductile iron is the most utilized type of iron due to its relative ease of production and
excellent mechanical properties.
In metals, a large factor in the strength of a material is the size of individual grains within
the metal. Grains are small three-dimensional areas within a metal where the crystalline structure is
oriented in a certain way, with each grain being oriented in a different random direction. Between
grains, there are boundaries that form and act as impediments to dislocation movement within a
crystal lattice during the application of stress (Lima et al. 2020). The accepted model for relating
grain size and yield strength is known as the Hall-Petch relationship, which essentially states that
there is an inverse relationship between yield strength and grain size (Smith and Hashemi 2006).
𝜎𝑦 = 𝜎0 +

𝑘𝑦
√𝑑

(1)

There are several mechanisms wherein grain size can be decreased: promoting
heterogeneous nucleation, thermomechanical treatment, and as a result of faster cooling rate during
casting (D. M. Stefanescu 2017b; Tahira and Funatani 2014; Lima et al. 2020). This paper will
primarily explore the refinement of austenite grains through the introduction of titanium and cerium
in order to form heterogeneous nuclei. It is expected that titanium and cerium will both act
sufficiently as nucleation agents for primary austenite.
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1.2 Novelty of the Study
Several studies have been performed which have proved that grain structure in ferrous
alloys can be refined through promoting heterogeneous nucleation of austenite. Several studies have
proved that adding cerium and titanium refined austenite in steel (Adabavazeh, Hwang, and Su 2017;
Ji, Zhang, and Ren 2018). As of yet however, these studies have been performed mostly on steels
and gray iron, and limited work has been done to systematically explore the ability of these alloy
additions to refine austenite in ductile iron. It is expected that cerium and titanium will both refine
the austenite in ductile iron, and that higher levels of these additions will be more effective in
nucleating austenite, but too much may be detrimental to the graphite phase morphology and even
graphite stability.
This work is important because in most fields it is beneficial for cast parts to be as
lightweight as possible while still maintaining a sufficient amount of strength in order to cut down
on production costs. A practical example of the benefit of higher strength in castings is in the
automobile industry, one of the largest sectors for ductile iron by annual tonnage. Several critical car
parts are made using ductile iron when the part must be stronger than aluminum but not necessarily
made of steel. In today’s world car companies are shaving weight wherever possible to achieve
lighter frames and better gas mileage so the ability to make lighter parts out of a stronger material
would be an advantage in further reducing carbon emissions.
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CHAPTER 2
LITERATURE REVIEW
2.1 Background
2.1.1 Ductile Iron
Ductile iron (also known as spheroidal graphite iron or SGI) is one of several different
types of cast iron. Cast irons are defined as iron-carbon alloys with a carbon percentage that is higher
than 2.2 wt.%. There are three types of graphitic cast iron that are in common use today and they
differ mainly based on the graphite morphology present in the microstructure (D. M. Stefanescu
2017a).
Figure 1 shows the graphite morphology that is typical of gray iron. Gray iron tends to
form a connected matrix of flakey graphite that provides some benefits in certain properties but also
weaken the material significantly. The graphite flakes do allow for a very high rate of heat transfer
and they also act as an impediment to stress waves through the iron, dampening vibrations. These
properties make gray iron ideal for uses wherein heat management is critical and vibrational
dampening is ideal, such as in car engine blocks (D. M. Stefanescu 2017c). The graphite flakes also
benefit the machinability of the iron, as the flakes allow for the metal to readily chip at the graphite
surface, and the graphite itself acts as a dry lubricant on the cutting tool. However, these flakes form
stress concentrations due to the sharp corners and angular shape, which often leads to embrittlement
of the final cast part (Sjögren and Svensson 2007). Gray iron has excellent castability and very little
solidification shrinkage due to the precipitation of the lower density graphite, leading to low
shrinkage porosity in most castings (Voigt 2008; Svidró and Diószegi 2017).
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Figure 1. Gray iron graphite morphology (Sjögren and Svensson 2007)

Figure 2 shows the microstructure of compacted graphite iron or CGI. CGI is essentially a
cross between gray iron and ductile iron, leading to a mix of the characteristics of each. The graphite
in this material precipitates as both vermicular (worm-like) and spheroidal graphite due to the
addition of a nodulizing element like magnesium, but not in the amount need to form the fully
spheroidal ductile iron. CGI has a higher tensile strength than gray iron, but still retains some it’s
machinability, heat transfer ability, and the vibration dampening properties (Dawson and Guesser
2017; Liu et al. 2018). CGI exhibits more shrinkage during solidification than gray iron due to the
formation of some graphite nodules. CGI is traditionally more difficult to produce than gray or
ductile iron, but with tighter process control and better technology in modern times, it is seeing much
more utilization in industry (Dawson and Guesser 2017).
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Figure 2. CGI graphite morphology (Sjögren and Svensson 2007)

Ductile iron, commonly abbreviated as DI, is the most commonly used type of cast iron for
structural components due to its relatively high tensile strength. Figure 3 shows the graphite
morphology of DI in which the graphite forms. The formation of the nodular graphite leads to a more
ductile casting than the flaky graphite that’s seen in gray iron because of the spheroidal nature of the
nodules; the spheres allow stress to flow around them, in turn inhibiting crack formation and
propagation (Tiedje 2017). The tradeoff of the different graphite shape is that DI has far less capacity
for vibration dampening and a lower heat transfer rate. Ductile iron has the most solidification
shrinkage amount of all the cast irons due to the spherical nature of the graphite particles (Voigt
2008; Svidró and Diószegi 2017).
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Figure 3. Ductile iron graphite morphology (Sjögren and Svensson 2007)

2.1.2 Austenite Formation in Ductile Iron
While ductile iron gets most of its ductility from the presence of nodular graphite which is
less of a stress concentrator, the ultimate tensile strength is far more reliant on the iron matrix around
the graphite particles. The phases, including pearlite, ferrite, martensite or ausferrite, in the ductile
iron matrix are transformation products of austenite. Fineness of the matrix phases is directly related
to the austenite grain size. This is where austenite refinement can largely impact the overall strength
of a ductile iron casting.
In hypoeutectic irons and some steels (C>0.52 wt.%), the primary phase that nucleates in
the liquid is known as austenite (Mampuru, Maruma, and Moema 2016; D. Stefanescu and Ruxanda
2017). Austenite is a high-temperature solid solution phase of iron and carbon that is typically
unstable at room temperature, except in instances of high cooling rate or where alloying elements
have been added that stabilize the austenite region of the iron-carbon phase diagram, such as in
austenitic stainless steels. Austenite is the precursor to several other possible phases which depend
on the cooling rate during solidification. This means that the refinement of austenite directly
correlates to a finer structure in the final casting (Li et al. 2021).
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In a hypoeutectic iron, austenite forms structures known as dendrites during solidification.
Dendrites are small tree-like structures that nucleate at the site of a nucleus and grow outward, then
forming secondary branches sideways to the primary arm. Figure 4 shows the basic morphology that
the austenite exhibits during solidification.

Figure 4. Dendrite structure at solidification front

Heterogeneous nuclei for nucleating the new phase can lowers the free energy and
undercooling of forming new phase. A higher population of heterogeneous nuclei will lead to a
higher population of dendrites, so as a finer grain structure. Alloy additions that form appropriate
compounds may create a ‘seed’ for the austenite to grow on (D. M. Stefanescu 2017b); this reduces
undercooling as the nucleation point already exists in the liquid and doesn’t have to be formed. It is
possible for austenite to homogeneously nucleate, but higher undercooling of the liquid metal is
necessary as the nucleation point must form from the liquid metal. Heterogeneous nucleation
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elements/compounds need to have specific properties to properly work. Ideally, the nucleation
compound will have a similar crystal structure or good crystallographic lattice matching (low lattice
disregistry) to the phase to be nucleated (D. Stefanescu and Ruxanda 2017). Often the element added
forms an oxide, carbide, or nitride compound with other elements present in the liquid which then in
turn acts as the heterogeneous nucleation site (Ohno and Matsuura 2008). The nucleation agent must
also be solid at the solidification temperature of the liquid metal, and it must be able to be wetted by
the liquid metal (Ji, Zhang, and Ren 2018; Zhi et al. 2014).
Dendrites also serve a secondary purpose when assessing the austenite grain refinement.
Because austenite is not stable at room temperature in most alloys, it is not easy to directly observe
the size of austenite cells. However, in dendritic austenite structures the secondary phases that are
formed after solidification and cooling still mostly retain the shape of the dendrites, making it
possible to measure some aspects of the austenite formation. Secondary dendrite arm spacing
(SDAS) is a well-known metric for assessing the fineness of a grain structure. The secondary arm
spacing of dendrites is directly correlated to the cooling rate of a casting (D. M. Stefanescu and
Ruxanda 2004b), although a higher presence of primary dendrites and finer arm spacing could also
mean that better inoculation has taken place. Figure 5 shows the inverse relationship between
dendrite arm spacing and cooling rate in iron.
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Figure 5. Dendrite arm spacing as a function of cooling rate in iron (D. M. Stefanescu and Ruxanda
2004b)

The SDAS is also directly correlated to the mechanical properties of the casting. As the
arm spacing is reduced properties such as hardness, UTS, and yield strength of the material improve
(D. M. Stefanescu and Ruxanda 2004a).
2.2 Previous Studies
The refinement of austenite is of great interest to the ferrous metals industry and as such
there have been several studies conducted which assessed the effects of various elements on austenite
grain size. However, most of these studies have been performed with gray iron and steel.
Rare earth elements are well known for their ability to form compounds and refine grains
in steel, although the exact mechanism is not well understood. The predominant theory is that rare
earths form various oxides and sulfides which are solid at high temperatures, and which match
closely with the crystal structure of austenite. The ability of these compounds to nucleate austenite
is quite inconsistent though across different studies (Ji, Zhang, and Ren 2018). One study found that
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cerium readily formed oxides, sulfides, and oxy-sulfides which did successfully reduce the austenite
grain size, although additions above 0.15 wt.% promoted the formation of a large amount of
inclusions (Adabavazeh, Hwang, and Su 2017). Another study that assessed the effects of cerium
addition saw very little change in the size of austenite with a 0.05 wt.% addition, but when a 0.1
wt.% addition was performed in-mold, the grain size was drastically reduced. The addition of cerium
in this study was also noted to have promoted more equiaxed grains, meaning that the modification
of the grain size was more effective. This study did also note the intermetallic inclusions seen in the
previous study (Bartlett and Avila 2016).
Several studies have reported that titanium is an effective element for refining austenite in
steel, gray iron, and in ductile iron. One study investigated the effects of titanium addition on the
grain size of S45C carbon steel at concentrations up to 0.5 mol% (Sasaki et al. 2009). The mechanism
of grain refinement in this case was apparently not due to heterogeneous nucleation, but rather due
to the pinning of austenite grains at interdendritic regions by TiC and TiN particles. A similar study
theorized that TiC and TiN did act as heterogeneous nuclei in high Mn steel (Gürol et al. 2021). This
study found austenite grain size decrease by up to 37%, as well as significant property improvements.
One study found that titanium was effective in refining austenite dendrites in thin walled, high nickel
ductile iron castings (Górny et al. 2018). This study explored the effects of titanium addition up to a
concentration of 0.13 wt.% and found that titanium was more effective than Nb and Zr at refining
proeutectic austenite. Another cast iron study found that the addition of titanium led to a reduction
of mechanical properties in gray cast iron (Gelfi et al. 2016). In this study concentrations between
0.013 wt.% to 0.031 wt.% titanium was added to gray iron to assess the effect on mechanical
properties. The mechanism of weakening proposed by this study was that titanium readily forms TiN
which in turn removes free nitrogen from the melt. According to the authors, nitrogen is beneficial
to the nucleation of austenite in gray iron and the removal of it increased grain size (Gelfi et al. 2016).
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This study is different as it will systematically explore the effects of cerium and titanium
on regular ductile iron. No previous study has explored the effects of various amounts of these
additions on minimally alloyed ductile irons. Along with this, this study will also explore the
additions effects on the austenite in different section sizes, which is important because grain size and
dendrite arm spacing is highly dependent on the solidification rate, which is highly dependent on the
section size.
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CHAPTER 3
METHODOLOGY
3.1 Materials and Machinery
3.1.1 Induction Furnace
The furnace used for this research was a 100-pound medium frequency 50kW induction
type furnace. The unit allowed for an accurate control of temperature and pouring conditions when
used with a separate thermocouple.
3.1.3 No-Bake Sand Mixer
This experiment was completed using no-bake molds created on a Tinker Omega TOM-50
sand mixer. No-bake was chosen for its durability and ability to be used without a flask, as no flasks
were available that were big enough to fit the test geometry had green sand been used.
3.1.2 Optical Emission Spectrometer
Because part of the experiment involved a tight control of the chemistry of each melt, an
optical emission spectrometer was used during the heat in conjunction with chill samples to allow
for on-the-spot adjustment of the melt chemistry within the furnace. Chill samples were also taken
from the ladle after magnesium treatment to verify that the magnesium content was in an acceptable
range to form ductile iron and also to verify that the final chemistry in the casting was as desired.
Spectrometer standards with known chemistries were also used to calibrate the spectrometer.
3.1.3 CNC Lathe
A Haas CNC lathe was used during this study to produce accurate and repeatable tensile
specimens as per ASTM A536 ductile iron tensile testing guidelines. The tensile samples were
prepared from keel blocks with a geometry that was specified by the ASTM standard.
3.1.4 Optical Micrograph Equipment
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Part of the study was to directly observe the resulting grain structure in each of the heats,
and to achieve this it was necessary to perform metallographic analysis. To do this several samples
were needed. Firstly, a mounting press was used to mount each metal sample in a 1.25” diameter
Bakelite for easier holding while polishing. After mounting, each sample was then ground and
polished with sandpapers and polishing cloth with polishing compounds (down to 0.1 um diamond
paste). The metallographic samples were examined using a Zeiss microscope that was capable of up
to 1000x magnification. Micrographs were captured using the as-polished metallographic samples,
for analyzing the nodule count of graphite particles in the various conditions. These metallographic
samples were then etched with 2% Nital, to reveal the dendritic patterns and phases in the matrix.
3.1.5 Tensile Testing Frame
The tensile testing for assessing the difference and strength between differently alloyed
samples was completed by an outside partner foundry using their calibrated tensile testing frame.
The initial portion of the tensile test regimen was completed using an extensometer for more accurate
strain measurements, but the sensor was removed after 1% elongation to avoid damaging the
sensitive equipment. The raw data from the tensile frame was output to a table which included the
position of the tensile crosshead and the load applied to the sample.
3.1.6 Thermocouples and DAQ Equipment
To collect cooling curve data for each of the heats, K type thermocouples were used along
with a multichannel DAQ (data acquisition) system and recording software. The software allowed
for variable data collection rate which proved useful for collecting sensitive areas of data such as the
undercooling at the liquidus temperature.

21
3.2 Experiment Methodology
3.2.1 Preliminary Plan
The initial plan for the experiment was to create and test an alloy where the austenite could
be stabilized and then observed using a specific quench procedure. Using JMatPro, a material
thermodynamic simulation software, an alloy was developed where the austenite had a continuous
cooling transformation (CCT) curve that would allow for rapid quenching from a high temperature
to retain the austenite without forming ferrite, pearlite, or martensite. Table 1 shows the proposed
chemistry, and Figure 6 shows the CCT of the austenite phase of the proposed alloy at 1050 °C during
solidification.

Table 1. Proposed test chemistry of ductile iron
Element

C

Si

Mn

Ni

Mo

Wt. %

3.5

2.0

1.0

1.0

0.1

Figure 6. CCT diagram of the austenite at 1050 ºc during solidification in the proposed D.I.
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A hypoeutectic ductile iron was chosen for the experiment so the proeutectic austenite
phase or its transformation products can be more readily discerned. The plan to retain austenite using
this alloy was to perform a hot shakeout of a tapered quench block sample with an embedded
thermocouple when the temperature reading reached 1075 ºC. The block would then be promptly
quenched in fast moving water in order to retain the austenite. This would allow for the sample to be
sectioned and polished for macroscopic and microscopic structure evaluation and measurement.
Figure 7 shows the tapered quench block geometry, the taper was an essential design to provide a
range of solidification and cooling rates so that an area that was analogous to the keel block could be
observed. For this reason, the thermocouple was inserted at the axial center of the quench block three
inches from the bottom, where the solidification rate and niyama criterion were similar to that of the
tensile region of the keel blocks.

Figure 7. Tapered quench block geometry

Along with the austenite retention test, ASTM A536 keel blocks were poured that allowed
for the creation and testing of tensile bars. Because grain refinement positively impacts material
properties, tensile testing was an essential part of the experiment to verify if the grains were in fact
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refined and if the refinement had improved the material. The tensile data is relative between heats,
so the specific grade of iron is not significant, though a 60-40-18 ductile iron was targeted. Four keel
blocks for each heat were filled using bottom filling gating system to reduce filling velocity and
ensure a good casting quality. Figure 8 shows the keel block geometry and gating. Figure 9 shows
the MAGMA filling simulation results for the keel block mold, which shows a smooth, low velocity
filling and no macroporosity in the tensile region.

Figure 8. (A) ASTM A536 keel block geometry (B) Keel block mold geometry
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Figure 9. MAGMA results showing: (A) Ingate velocity of the keel block mold (B) Centerline porosity in
each keel block (C) Solidification rate in the tensile portion of the keel blocks
3.2.2 Heats and Pouring Procedure
The primary additive elements of interest in this study are titanium and cerium. In order to
systematically assess the effect of each of these elements on austenite grain size, it was decided to
perform multiple heats with varying amounts of Ti/Ce additions. Table 2 shows the selected addition
amounts for both cerium and titanium tests; there is no heat in which both cerium and titanium were
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both added but will be investigated in the future. The amounts of each addition were chosen as a
baseline amount that has seen success in similar studies in steel.

Table 2. Type and amount of additions
Inoculant

Proposed Additions

RESEED® and ALINOC®

Baseline (just inoculant)

ALINOC®

0.03 wt.% Ce

ALINOC®

0.01 wt.% Ce

ALINOC®

0.02 wt.% Ti

ALINOC®

0.04 wt.% Ti

To stabilize the spheroidal graphite particles in these heats, it was also necessary to use a
base inoculant and nodulizer. Two inoculants were tested; both included silicon, aluminum, and
calcium, however they differed in that ALINOC® contained higher lever of aluminum while the
RESEED® contained less aluminum but with a small amount of cerium. Table 1 shows the
composition of each of the inoculants, RESEED® and ALINOC®. To establish a good baseline, each
of the inoculants was used in a heat with no additive elements, but it was decided to use the
aluminum-based inoculant for the tests with titanium and cerium additions so that cerium from the
other one would not interfere with the results.
Table 3. RESEED® and ALINOC® inoculant compositions in wt.%
Si

Ca

Al

Ce
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RESEED®

73.09

0.96

0.97

1.84

ALINOC®

66.63

0.97

4.15

~

The heat procedure was kept as consistent as possible across the various tests. The
induction furnace was charged based on a calculated table (Table 4) to give the proper chemistry for
the test. After all the material additions had been made, the material was allowed to completely melt
down. Subsequently, a chill sample was taken from the furnace and then analyzed using the OES to
ensure that the chemistry was appropriate before pouring. Before tapping, any additive alloys were
added to tweak the chemistry. Once the melt reached a temperature of 1430 ºC, the metal was tapped
into a 100-lb ladle that had been thoroughly preheated. The inoculant and the nodulizer had also been
added to the bottom of the ladle and loosely covered with steel sheet to keep the additions from
floating for higher treatment recovery. Stirring and mixing of liquid metal was also conducted during
tapping. The amount of nodulizer used was chosen so that the final magnesium content would be
~0.04 wt.%.

Table 4. Charge table for use with RESEED® and ALINOC® inoculants
Material

Charge amount w/
RESEED® (kg)

Charge amount w/
ALINOC® (kg)

Sorrel Metal

25.6

25.6

Steel Scrap (1018)

4.49

4.43

FeMn

0.450

0.450

Ni

0.32

0.32

FeMo

0.045

0.045

FeSi (75%)

0.499

0.485

ELMAG® Nodulizer

0.405

0.439

Inoculant

0.0476

0.0476

Total Charge

31.9

31.9
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After tapping the furnace at 1430 °C (±10 °C), the no-bake keel block mold was filled, as
well as the quench block mold with the embedded thermocouple. Both molds were poured between
1375 °C and 1400 °C. Before the metal solidified, a metal bar was stuck into the top riser of the
quench block to act as a handle during the hot shakeout. Once the DAQ output for the thermocouple
read 1075 °C, the clamps were removed from the quench block mold and the block was rapidly
quenched into fast moving water. The thermocouple was too fragile to survive the hot shakeout so it
could not be verified whether the quench was fast enough to miss the pearlite nose on the CCT
diagram. This procedure was followed for the first three heats: two using the inoculants with no
additions, and one using the ALINOC® inoculant plus 6.8g of cerium metal. The remainder of the
heats after this did not use the quench block technique, opting instead for a thermal analysis method.
A total of six heats were performed with different amounts of additions. The following
table (Table 5) shows the additions in each heat. Heats 1-3 were test heats and were not included in
the thesis. Heat numbers (4-10) were not adjusted, in order to be consistent with the sample labeling.

Table 5. Additions and inoculant additions for various heats
Heat Number

Inoculant and Additions

4
5
6
8
9
10

RESEED®
ALINOC®
ALINOC® + 0.03 wt.% Ce
ALINOC® + 0.04 wt.% Ti
ALINOC® + 0.12 wt.% Ti
ALINOC® + 0.01 wt.% Ce

A total of seven heats were performed that were used during final data gathering. Two chill
samples were taken during the heats to allow for assessment of the chemistry as discussed in section
3.1.2. Due to the failure of the initial quench block method, heats 4, 5, and 6 were reperformed with
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the same target chemistry for the undercooling analysis. These samples were poured out of the same
magnesium treated ladle into three separate insulated sleeve molds that each contained the same
amount of inoculant and additions that were used in the previous heats 4, 5, and 6. Table 6 shows the
chemical compositions of all heats that yielded usable data. Some of the carbon readings for the
samples are out of the expected range such as in the heat 10 furnace sample, but the chemistry was
trimmed before tapping out of the furnace.

Table 6. Heat chemistries: furnace and ladle
Element (wt. %)
Sample #

C

Si

Mn

Mo

Ni

Al

Heat 4 Furnace
Heat 4 Ladle
Heat 5 Furnace
Heat 5 Ladle
Heat 6 Furnace
Heat 6 Ladle
Heat 8 Furnace
Heat 8 Ladle
Heat 9 Furnace
Heat 9 Ladle
Heat 10 Furnace
Heat 10 Ladle
Heat 4,5,6 Furnace*
Heat 4,5,6 Ladle*

3.53
3.48
3.57
3.45
3.57
3.55
3.40
3.34
3.47
3.38
3.86
3.37
3.50
3.44

1.33
1.97
1.28
2.06
1.40
2.10
1.32
2.07
1.27
2.00
1.39
2.08
1.25
1.90

1.08
1.08
1.04
1.05
1.19
1.09
1.07
1.07
1.01
1.01
1.03
1.08
1.04
1.04

0.16
0.17
0.16
0.16
0.15
0.16
0.14
0.15
0.12
0.16
0.11
0.16
0.14
0.16

1.10
1.08
1.08
1.07
1.06
1.04
1.07
1.05
1.05
1.03
1.10
1.03
1.08
1.07

0.001
0.007
0.001
0.015
0.001
0.012
0.004
0.014
0.002
0.013
0.004
0.012
0.003
0.007

Ti

Ce

0.008
~
0.0122 0.0097
0.009
~
0.011
~
0.010
~
0.011 0.028
0.008
~
0.028
~
0.006
~
0.048
~
0.008
~
0.010 0.010
0.007
~
0.010
~

Mg
~
~
0.042
~
0.043
~
0.040
~
0.045
~
0.040
~
0.045

*Chemistry for the thermal analysis tests

3.2.3 Quench Block Failure and Thermal Analysis
The intended purpose of performing the quench block test was to capture austenite in situ
in order to directly observe the size of the individual grains. However, after sectioning the quench
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block, it was found that the austenite had transformed during the quench into a coarse carbide
structure, making it impossible to observe the original austenite grains. This was caused perhaps due
to element segregation during solidification or too slow of a cooling rate during the quench.
3.2.4 Data Gathering Methods
Several methods were used to assess the effects of the alloy additions on the refinement of
the austenite structure. One direct method was the measurement of the secondary dendrite arm
spacing of the alloy in the tensile region of the keel block molds. To perform this test, two
metallographic samples were cut from the center of the keel blocks in the tensile testing portion of
the blocks. These samples were mounted in Bakelite before being polished and etched to reveal the
matrix structure. Each sample was approximately one inch in height and three-quarters of an inch
wide. Micrographs of each sample were captured along the middle of the section from the top to the
bottom. This allowed for the measurement of the secondary dendrite arm spacing at certain regions
with differing distances from the surface of the casting. The ability to capture micrographs from
locations of a range of cooling conditions was important as SDAS is based heavily on cooling rate
and the cooling rate of a casting is lower further from the surface; this also allows for a good
representation of the grain fineness in the entire tensile testing region. Figure 10 shows the locations
for taking metallographic samples in more detail; the measurement region was taken from the center
of the keel block. The dendrite spacing was measured using the ImageJ distance measure function.
A line was drawn across sets of three or more dendrite arms and the total length was recorded as well
as how many dendrite arms the line passed through. A minimum of 30 dendrites were measured for
each region; if 30 dendrites could not be found then data for the region was omitted. For each region
the total length of all lines was summed and then divided by the total number of dendrite arms crossed
to calculate the average dendrite arm spacing. Nital etching was able to reveal the ferrite rims around
the graphite nodules, and the rest of the matrix was pearlite. Segregation of alloys in this ductile iron
alloy was helping with the delineation of dendritic structure in the matrix, as shown in Figure 11.
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Figure 11 also demonstrates the length measurement of lines using the ImageJ software. The thin
red lines indicate measured dendrite groups while the included table shows the length of the lines.

Figure 10. Keel Block Cross Section and Microstructure Measurement Area
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Figure 11. Sample measurement of dendrites in a region of the keel block

Nodule count was also measured in each of the regions at varying distances from the
casting wall using ImageJ. This was done using ImageJ’s brightness threshold function and particle
analysis function. All particles with an area greater than 50µm2 and a circularity better than 50%
were counted in each region to determine the amount of graphite nodules per square millimeter.
Graphite plays a major role in the elongation properties of ductile iron, so it was important to factor
this in when assessing the results.
Due to the failure of the quench block method to reveal austenite grain structure, it was
decided to switch to a thermal analysis of cooling curve method. To perform this test, a cylindrical
insulating sleeve measuring 2.5” internal diameter by 6” in height and 3/8” thick was imbedded in a
no-bake mold with a thin thermocouple placed through the wall of the mold so that the tip was in the
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center of the sleeve. This mold was then poured alongside each of the keel block sets for each heat
and the cooling curve was recorded using the thermocouple. The purpose of this test was to study the
recalescence of the alloy during the nucleation of austenite at the liquidus temperature. The amount
of recalescence should be a good indicator of how well the melt has been inoculated for austenite
nucleation; a smaller undercooling indicates better heterogeneous nucleation while a larger
undercooling indicates that more homogeneous nucleation has taken place. The purpose of the
insulated sleeve was to slow the cooling rate and make the recalescence easier to detect as it is often
a small difference between the high and the low temperature.
Tensile testing was the method chosen to assess the effects of the additions on the
mechanical properties of the ductile iron. Three tensile bars were machined from the keel blocks for
each heat and tested until fracture. The properties were determined according to the ASTM A370
standard for finding the yield strength, UTS, and percent elongation.
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CHAPTER 4
RESULTS AND ANALYSIS
4.1 Secondary Dendrite Arm Spacing
The measurement of the secondary dendrite arm spacing is an effective way to assess the
effectiveness of the various alloy additions on refining the grain structure. Figure 12 shows the
secondary dendrite arm spacing as a function of the distance of the test region from the casting
wall.
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Figure 12. SDAS vs. distance of the sample region from the casting wall for each heat
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Figure 13. SDAS vs. distance of the sample region from the casting wall for base inoculant heats
Heat 5 (ALINOC)

Heat 6 (0.03% Ce)

Heat 10 (0.01% Ce)

75

SDAS (µm)

65

55

45

35

25
0

5

10

15

20

25

30

35

40

Distance From Casting Wall (mm)
Figure 14. SDAS vs. distance of the sample region from the casting wall for cerium modified heats

45

35

Heat 5 (ALINOC)

Heat 8 (0.02% Ti)

Heat 9 (0.04% Ti)

75

SDAS (µm)

65

55

45

35

25
0

5

10

15

20

25

30

35

40

45

Distance From Casting Wall (mm)
Figure 15. SDAS vs. distance of the sample region from the casting wall for titanium modified heats

The data here shows clear trends and contributions of factors influencing structure
fineness can be assessed using the data. Firstly, the 0.03% cerium addition (with ALINOC®) in heat
6 did to have a remarkable effect on the fineness of the secondary dendrite arms. From the
microstructure for heat 6, there are a greater number of primary dendrites present throughout the
sample region when compared to the sample from heat 5 with solely ALINOC® inoculant. The
same holds true for heat 10 with lower cerium addition of 0.01%, although the SDAS was
seemingly not impacted as much as the arm spacing was quite similar to the heat with solely
ALINOC®. There would potentially be a critical value of cerium for it to act as an effective grain
refining agent, and this requires further investigation in the future. It should also be noted that a too
high level of Ce addition may lead to formation of undesired chunky graphite leading to
degradation of casting mechanical properties.
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For the heats with titanium additions, there was also a noticeable trend regarding the
dendrite arm spacing and the prevalence of primary dendrites. For heat 8 with 0.02 wt.% titanium
addition, the dendrite structure was well refined and consistent within 15mm of the casting wall.
however, this was followed by a steep increase in the size of the dendrite arms further away from
the casting wall. The higher titanium addition did not seem to have the same grain refining effect as
the lower titanium melt close to the casting wall, and actually made the dendrites coarser at this
point. This could be caused by several possible interactions that titanium could have reacted with
other elements such as the aluminum in the ALINOC® inoculant. Titanium and aluminum readily
form an intermetallic compound together called titanium aluminide; at higher concentrations, the
presence of titanium could harm the nucleation properties of aluminum and titanium separately.
Another study theorized that the additional titanium in solution slows down austenite growth and
causes a coarser grain structure (Ruan et al. 2017) . Another possible explanation for this behavior
could be that at certain compositions or cooling rates the benefit of titanium on nucleation
outweighs the negative effects of the titanium on dendrite growth. Further thermodynamic
calculations and tests with different inoculants and different amounts of titanium would be
necessary to determine the cause of this interaction. There is also potentially a threshold/critical
value for Ti concentration to refine grain structure in the ductile iron, and it should also be noted
that Ti addition will destabilize the spheroidal graphite and lead to the formation of vermicular
shaped graphite.
From the microstructures for heats 8 and 9, another effect of the addition of titanium can
be seen; primary dendrites become more sparse and less distinct beyond 20mm from the mold wall.
For both of these heats the measurement regions farther from the casting wall dendritic enough to
take an accurate measurement of the SDAS. The following Figures 16-21 show the microstructure
for each of the regions that were tested from the keel block. The left micrograph is from the bottom
of the keel block while the right one is from directly above the first. Each of the test regions shows
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roughly the same feature trend: higher nodule count and lower dendrite arm spacing near the
surface of the casting because of a higher cooling rate. Shrinkage or porosity as black regions are
also seen in the micrographs.
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Figure 16. RESEED® Micrograph

Figure 17. ALINOC® Micrograph

Figure 18. ALINOC® + 0.03% Ce
Micrograph
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Figure 19. ALINOC® + 0.02% Ti

Figure 20. ALINOC® + 0.04% Ti

Figure 21. ALINOC® + 0.01% Ce

Micrograph

Micrograph

Micrograph
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4.2 Nodule Count Measurements
As expected, the nodule counts in the castings generally decreased as the solidification
rate decreased farther away from the casting wall, although there were clear differences when
cerium and titanium were added to the base metal. Figure 22 shows the nodule count of each heat
at certain distances from the wall of the casting. As with SDAS, nodule count is largely influenced
by the cooling rate in the measurement area, so it was important to assess a range of areas from the
casting.
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Figure 22. Nodule counts of the samples
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There are several interesting takeaways from the nodule count data. The first thing to
notes is that all of heats with Ce/Ti additions had lower nodule counts than the heats without Ce/Ti
additions. This could be due to a change in the carbon equivalent due to the alloy additions. The
only exception is with the 0.03% cerium heat, where the nodule count was much higher in a faster
cooling region before dropping dramatically farther away from the casting wall. The nodule count
was also lowered with higher additions of each element, which could lead to lower fatigue strength,
worse machinability, and potentially higher amounts of carbides.
4.3 Liquidus Recalescence
The thermal analysis method described in section 3.2.3 was utilized to assess whether the
various additions had any effect on the undercooling of the alloy at the liquidus temperature. Less
undercooling and recalescence during the nucleation of the proeutectic austenite should correlate
with the effectiveness of each compound as a heterogeneous inoculant.
The heat 4 cooling curve shows a slight amount of undercooling at the liquidus transition.
The minimum temperature at liquidus occurs at the point where the first derivative first crosses zero;
the temperature at this point is 1169.14 °C. The maximum liquidus temperature occurs at the time
the first derivative next crosses zero; in this case the maximum temperature is 1169.47 °C. All of the
heats were analyzed using the same method to acquire the high and low temperatures at liquidus,
which allows for the calculation and comparison of the undercooling amounts. The following Figures
(23-27) show the cooling curves for each heat.
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Figure 23. (A) Cooling curve of heat 4 (RESEED®) with 1st and 2nd derivative. (B) Liquidus region of the
heat 4 cooling curve
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Figure 24. (A) Cooling curve of heat 5 (ALINOC®) with 1st and 2nd derivative. (B) Liquidus region of the
heat 5 cooling curve
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Figure 24. (A) Cooling curve of heat 6 (ALINOC®+0.03% Ce) with 1st and 2nd derivative. (B) Liquidus
region of the heat 6 cooling curve
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Figure 25. (A) Cooling curve of heat 8 (ALINOC®+0.02% Ti) with 1st and 2nd derivative. (B) Liquidus
region of the heat 8 cooling curve
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Figure 26. (A) Cooling curve of heat 9 (ALINOC®+0.04% Ti) with 1st and 2nd derivative. (B) Liquidus
region of the heat 9 cooling curve
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Figure 27. (A) Cooling curve of heat 10 (ALINOC®+0.01% Ce) with 1st and 2nd derivative. (B) Liquidus
region of the heat 10 cooling curve
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Table 7. Liquidus min. and max. temperature and ΔT for each heat

The undercooling values show that cerium is an effective austenite nucleation agent at 0.03
wt.%, and the liquidus undercooling was reduced by approximately 20%. This is consistent with the
results shown in section 4.1, where heat 6 had an overall smaller SDAS compared with heat 5.
Nevertheless, at a lower level of cerium (0.01 wt%), the liquidus undercooling was increased. This
could be a result of inoculation poisoning, where the cerium addition interacts with other beneficial
inoculate elements. This poisoning effect seemed more significant when titanium was added into the
inoculant, where the liquid undercooling was nearly tripled. However, it is worth nothing that the
cooling curve for calculating the undercooling was collected from a thick section (2.5 inches) during
solidification. Based on the SDAS measurement shown in section 4.1, at larger thick section and
slower solidification rate, the titanium had a negative effect on austenite nucleation. In smaller
section (less than 15mm) and at faster cooling rate (>0.01 °C/s by MAGMA), Ti addition could be
very beneficial.
4.4 Tensile Testing and Material Properties
Tensile testing was performed until fracture according to ASTM A370 standards. An
extensometer was attached to the sample for the first 1% of elongation before being removed and the
crosshead displacement being used instead. The yield strength was determined using the 0.2% offset
method as specified by ASTM A370. The UTS is the maximum strain experienced by the tensile
specimen. The number designator of the samples denotes where in the keel block each sample came
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from, with odd numbers coming from the very bottom region of the block and even numbers coming
from the region above that.
Table 8. Tensile properties
Sample #

UTS (ksi)

Yield Strength (ksi)

Elongation %

4.1

105.3

63.0

10.3

4.2

106.3

61.7

9.8

4.3

105.5

62.2

9.2

Average

105.7

62.3

9.8

5.1

106.0

61.0

10.5

5.2

107.6

60.3

10.9

5.3

105.9

60.1

11.9

Average

106.5

60.5

11.1

6.1

112.4

64.8

10.1

6.2

113.3

66.2

8.9

6.3

112.3

66.6

9.1

Average

112.7

65.9

9.4

10.1

110.2

63.7

9.9

10.2

111.8

64.3

10.4

10.3

110.4

63.2

10.2

Average

110.8

63.7

10.2

8.1

107.6

61.4

10.2

8.2

107.1

62.3

9.1

8.3

107.7

62.1

11.1

Average

107.5

61.9

10.1

9.1

107.3

61.1

10.7

9.2

108.1

62.4

8.1

9.3

105.7

63.1

6.9*

Average

107.0

62.2

9.4

Heat 4 (RESEED)

Heat 5 (ALINOC)

Heat 6 (0.03% Ce)

Heat 10 (0.01% Ce)

Heat 8 (0.02% Ti)

Heat 9 (0.04% Ti)
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*Sample broke outside of gage section

Figure 28. Sample stress-strain curve
All of the tensile specimens had similar stress strain profiles to Figure 28, which is the
stress-strain curve for sample 4.1. The bump in the middle of each stress-strain curve around the
yield point is caused by the removal of the extensometer.
Effects of alloys on the tensile properties are evident from the tensile data. First, the cerium
based RESEED® inoculant and the aluminum based ALINOC® performed similarly, although the
aluminum-based inoculant did show better elongation properties. It is clear that the heats with added
cerium had higher UTS and yield strength, but this came at the cost of the loss of some elongation.
The 0.03% cerium modified samples gained 5.8% UTS and 8.9% yield strength while losing 15.3%
elongation. The 0.01% cerium modified samples gained 4.0% UTS and 5.3% yield strength while
losing 8.1% elongation. This matches with the secondary dendrite arm spacing observations in that
the 0.03% cerium addition showed a remarkable improvement over the based inoculant. The 0.01%
cerium samples did not have much change in the SDAS, but they did in fact gain some strength from
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the cerium treatment. The elongation results from these samples were inconsistent, possibly due to
nonmetallic inclusion particles within the samples weakens the samples and angular inclusion
particles increased the stress concentration in the tensile specimens. This could also be due to
intrinsic factors within the melt which could cause inconsistent microporosity or element
segregation.
For the titanium modified heats, neither sets of samples showed much change from the
baseline inoculant samples. There was a slight gain in UTS and yield strength for these heats and a
slight loss in elongation, but more samples would need to be taken to assess the effects of the titanium
additions with more confidence. These titanium results match with the findings from the SDAS study
as well, as these tensile samples were machined from a relatively thick section. If samples were tested
from a thinner walled casting with a titanium addition, it is possible that a larger strength gain would
be seen that would correspond to the SDAS refinement that was measured close to the casting wall.
The titanium elongation results also had the same inconsistencies as the cerium modified samples,
with one sample even breaking outside of the gage section.
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CHAPTER 5
FINDINGS AND CONCLUSION
5.1 Findings
All of the data together shows that cerium is an effective inoculant for austenite in ductile
iron while titanium is not effective in the amounts tested. The SDAS measurement results correlated
strongly with the undercooling study and the tensile testing results. For the cerium modified heats
the dendrite arm spacing was finer than in the control heats that just contained the inoculants, which
lined up with the lower amount of recalescence observed during undercooling, which was also
reflected in the tensile testing as a higher UTS caused by grain refinement strengthening. The nodule
count analysis also supports the differences observed in the tensile testing elongation data. Lower
nodule counts, such as those seen in both of the cerium modified heats can lead to more carbides
which in turn could reduce the ductility of the material. The effect that cerium has on graphite growth
seems to be highly dependent on solidification rate, as a steep drop off can be seen between the
casting wall and the thicker section of the casting. The mechanism of grain refinement of cerium
additions is not clear from these tests, but previous studies have concluded that cerium oxides and
sulfides act as excellent heterogeneous nucleation points for austenite which is supported by the
results of this study. The loss in elongation seen in the cerium modified samples could be caused by
embrittlement due to solid solution strengthening of pearlite and ferrite in the final structure.
The titanium additions did not seem to have much positive effect on the properties of the
ductile iron in the amounts tested. The SDAS was much finer in the 0.02% titanium sample near the
surface, but the spacing suffered in areas with slower cooling rates. This could be caused by two
different effects of titanium addition where potential slowing of dendrite growth could be
outweighing the positive effects of titanium nucleation in thicker sections. The titanium modified
samples also became less dendritic overall as the solidification rate lowered and the microstructure
generally became much coarser than in the control samples. The impact of the titanium additions on
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the mechanical properties of the samples was less clear although there seemed to be a slight gain in
yield strength and a small loss in elongation. This loss of ductility corresponds to the reduced nodule
counts measured in the titanium samples. The dendrite arm spacing coarsening is also reflected in
the undercooling test results, as both of the titanium samples had larger amounts of undercooling
than the control heat, meaning that less heterogeneous nucleation was taking place.
5.2 Future Work
There are several possible next steps that may be beneficial in further understanding the effects
of these two elements on ductile iron. Firstly, it would be beneficial to complete more simulations to
identify possible interactions between cerium and titanium and other elements present in the melt.
The undercooling data from this study showed that there could be potential nucleation poisoning
happening within the melt that decreases the overall quality of nucleation within the modified heats.
Furthermore, it would be beneficial to experiment with a larger range of element addition amounts.
There may be more benefit or more negative aspects to adding more cerium and titanium which only
further testing will identify. For example, some previous studies identified that cerium tends to form
inclusion above a certain wt.% which may significantly impact the strength at a certain concentration.
Further tensile testing would be ideal to gain a clearer understanding of the effects of each addition
as the elongation data obtained from this study was somewhat inconsistent. It would also be
beneficial to test titanium additions in thin-walled castings as mentioned previously. There is a large
push in the industry to produce thinner and stronger castings to achieve lighter weight end products.
The dendrite arm spacing data from this study shows that just a small addition of titanium could be
extremely beneficial in the strengthening of particularly thin castings.
5.3 Conclusion
Cerium is an effective inoculant for austenite whereas titanium did not have many beneficial
effects in the amount tested in this study. The addition of small amounts of cerium increases the
strength of the final casting at the cost of some ductility in the material. The direct grain size
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measurement, the undercooling measurements, and the tensile testing data all showed that cerium
quite effectively refined austenite. Titanium additions in low amounts refine dendrite arm spacing in
thinner sections of the casting, which may prove useful in the production of strong and lightweight
ductile iron castings. Beyond this, titanium did not seem to improve the mechanical properties of the
ductile iron, although larger amounts of titanium may change prove to be more effective or
potentially even more harmful. The findings in this study and potential future studies have great
potential to allow for lighter and stronger ductile iron castings.
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